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HIGHLIGHTS

GRAPHIC ABSTRACT

* Peak of surface runoff was lagged and clipped by
BRU with turf grass and B. Sinica.

* Lag of peak and extent of clipping was influenced
flow regime of inflow and plants grown.

* TN, TP and COD were removed by filtration of
the media and bio-degradation of reservoir layer.

* Infiltration rate and storage depth could be
transferred key parameters for engineering
design.
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Through BRU, peak of runoff was
lagged and clipped, runoff volume
was reduced and pollutants such as
COD, TN&TP were partially
$ removed. The experiment results
can be transferred parameters for
engineering design of sponge city
construction
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ABSTRACT

A bioretention unit (BRU) or cell is a green infrastructure practice that is widely used as a low impact
development (LID) technique for urban stormwater management. Bioretention is considered a good fit
for use in China’s sponge city construction projects. However, studies on bioretention design, which
incorporates site-specific environmental and social-economic conditions in China are still very much
needed. In this study, an experimental BRU, consisted of two cells planted with Turf grass and Buxus
sinica,was tested with eighteen synthesized storm events. Three levels (high, median, low) of flows
and concentrations of pollutants (TN, TP and COD) were fed to the BRU and the performance of
which was examined. The results showed that the BRU not only delayed and lowered the peak flows
but also removed TN, TP and COD in various ways and to different extents. Under the high, medium
and low inflow rate conditions, the outflow peaks were delayed for at least 13 minutes and lowered at
least 52%. The two cells stored a maximum of 231 mm and 265 mm for turf grass and Buxus sinica,
respectively. For both cells the total depth available for storage was 1,220 mm, including a maximum
110 mm deep ponding area. The largest infiltrate rate was 206 mm/h for both cells with different plants.
For the eighteen events, TP and COD were removed at least 60% and 42% by mean concentration, and
65% and 49% by total load, respectively. In the reservoir layer, the efficiency ratio of removal of TN,
TP and COD were 52%, 8% and 38%, respectively, within 5 days after runoff events stopped.
Furthermore, the engineering implication of the hydrological and water quality performances in
sponge city construction projects is discussed.
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1 Introduction

In recent decades, many cities in China have been suffering
from water quantity and quality problems in terms of
waterlogging, water quality degradation, etc., which is
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becoming more and more severe due to the rapid pace of
urbanization [1]. In order to reverse the trend and restore
the integrity of urban water, “Sponge City” construction
projects have been initiated by the Chinese Government in
2014 [2]. The initiative calls for a new paradigm for urban
drainage design, which integrates green and gray infra-
structures and adopts principles that are similar to the basic
concepts of low impact development. It has been become
an international hot issue [3—7]. Nevertheless, in China the
implementation of the sponge city construction is still at
the initial stage and many practice design guides that
incorporates local conditions are lacking. Specifically for
bioretention design, information on performance by local
plants and on other relevant parameters are very much in
need. Although completed before the initiation of the
sponge city projects, the present study was conducted in
China and using local materials and runoff characteristics
and therefore would provide useful information to the
sponge city implementation effort.

Bioretention unit (BRU) has been proven to be helpful to
retain and reduce the peak of both the hydraulic load and
the pollutant load in stormwater runoff [8—11]. The
nutrients attained in the filter media can be extracted and
removed by the plants that are grown on it after the rains
[12—14]. Moreover, the green plants are aesthetic for the
environment. It is widely recognized that BRU is an
effective green infrastructure for sponge city construction.
In this study, BRU was designed based on the experiences
in the U.S [15]. and modified with consideration of local
conditions in China. The aim was to enhance the
understanding of the BRU, built with local (Beijing area)
materials, water quantity/quality performance under the
hydraulic and pollutant characteristics of surface runoff in
Beijing. Also, the application of BRU experimental results
to field engineering practices is discussed.
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2 Materials and methods
2.1 The principles and the basic structure

A complete bioretention unit (BRU) includes five parts:
(1) ponding area, (2) plants, (3) filter layer, (4) reservoir
zone and (5) drainage system. When surface runoff inflows
the BRU, it penetrates the filter layers into the reservoir
zone and is drained out through the slotted pipe in the
reservoir layer. When the inflow depth per unit time is over
the infiltration rate, runoff is kept in the ponding area over
the filter layers until the ponding area is full and overflows.
After surface runoff stops, discharge continues until
the water level in the reservoir zone is lower than the
slots of drainage pipe. During the process, concentrations
of TN, TP and COD reduced in the discharge because
pollutants as NH3-N, PO,*-P and organic matters are
adsorbed by the filter media, which are degraded by
microorganism and absorbed by plants in a long time after
rain. Therefore, BRU weakens the runoff peak and reduces
the hydraulic load and the pollutant load to environmental
waters [13].

2.2 The experimental apparatus

In this study, the experimental apparatus included a
bioretention unit system and a set of aided system, which
was in the Hydrology/Hydraulics laboratory at Institute of
Geographic Sciences and Natural Resources Research,
Chinese Academy of Sciences (CAS) in Beijing (Fig. 1).

2.2.1 The bioretention unit system

The BRU consisted of two cells with concrete walls, which
were 1220 mm x 1220 mm x 1220 mm. The cross section

Fig. 1 Photo of the experimental apparatus
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is seen as Fig. 2. The mulch layer on the surface was 15
mm shredded hardwood mulch. The filter layer is sandy
loam, which consisted of about 35% peat soil and 65%
sand. In the two cells, a kind of Turf grass (Tall fescue) and
a kind of Buxus sinica (Buxus microphylla) were planted,
which are separately the most widely cultivated grass and
shrub as greening plants and can grow well even in winter
in Beijing, as shown in Fig. 1.

2.2.2  The aided systems

1) Light for plants

In order that the plants grew well inside the lab hall, two
banks of independent lights are suspended above the BRU;
one for each cell of the BRU.
2) Artificial rainfall system

Synthetic surface runoff is delivered to each of the cells
through a set of artificial rainfall system including a tank, a
pump, an electronic flowmeter and a manifold. The
manifold is placed over the cell and can be moved on a
track so that the same manifold can deliver runoff to each
of the cells. A length of flexible tubing is used to connect
the discharge side of the flow meter to the inlet of the
manifold.
3) Flow measuring equipment

Flow rate of discharge out of BRU is measured by a
Plexiglas tipping-bucket gauge with recording device.

4) Water sampling system

Two banks of manometers are installed at the front of the
BRU to show the soil suction at various depths within the
planting soil. Soil water collected with the lysimetric tubes
was stored in bottles in front of the BRU.

2.3 Methods

2.3.1 Experiment procedure
In this study, eighteen experiments were performed in total,
nine of which were separately performed on the cell with
Turf grass and Buxus sinica. In order to keep the
antecedent soil moisture content consistent with each
other (which is related to hydrological performance [16]),
the interval between two adjacent simulated rainfalls was
the same 4—5 days for the same cell. The flow regimes and
water quality of synthetic surface runoff, which are shown
in Table 1, were designed by daily precipitation data of
1951-2009 in Beijing. The three flow regimes were
corresponding to the situation of 85.3%—-90.2%,72.9%—
80.2% and 65.4%—73.2% for precipitation analysis, which
the total depth of runoff was 254mm, 125mm and 114mm,
and the total volume was 753L, 4521 and 339L.

In the experiments, COD, TN and TP of the water
quality were simulated by the value of road runoff in
Beijing tested by the study team. The water for synthetic
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Table 1 Flow regime and target water quality of synthetic surface runoff

Flow regime Time Target water quality C (mg/L)

Start time (h:m) 0:00 1:00 2:00 2:30 3:00 4:00 5:00

End time (h:m) 1:00 2:00 2:30 3:00 4:00 5:00 6:00 TN TP COD
High 14 29 58 544 94 41 28 High 15 13 350

Flow rate (mm/h) Med 8 17 35 326 56 24 17 Med 10 1.0 250
Low 6 13 26 245 42 18 13 Low 5 0.7 150
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surface runoff was formulated as the target water quality in
the tank of the artificial rainfall system ahead of the
scheduled time generated through the synthetic rainfall
system. And then it was pumped distributed evenly across
the vegetated surface at the designed flow regime to
simulate surface runoff.

2.3.2 Hydrological data

Flow rate of the synthetic surface runoff (i.e. inflow of
BRU), which was directly measured by flowmeter was
volume flow expressed as L/min. In order to be
comparative with depth of runoff, it was transferred to
depth per time i.e. mm/h by Eq (1):

Foy (mm ) =120 7€ f sutface runeff (Lmin)

area of cell (mm x mm)

x60 x 10° (1)

The cumulative volume of surface runoff, expressed as
depth, was calculated by Eq (2):

Veurr = ZFWf X time of duration 2)

Flow rate of discharge (i.e. outflow of BRU), which was
originally expressed as mL/s, was also transferred to depth
per time (mm/h) by Eq (3):

Fyis(mm/h ) _ flow rate of discharge (mL/s)

area of cell (mm x mm)

x 3600 x 10° (3)

The cumulative volume of discharge, was calculated by
Eq (4):

Vs = ZFdis X time of duration 4)

The peak time of surface runoftf was the time that flow of
surface runoff kept maximum. And the peak time of
discharge was the time of the flow of discharge kept
maximum. Lag time of peak (7},g ,cqr) Was the start time
that peak of runoff was delayed, i.e. difference of start time
when the peak appeared between surface runoff and
discharge.

Storage of runoff in BRU (S, mm) was calculated by Eq

%):

§= Vsurf_ Vais (5)

Depth of ponding (D,,,,s, mm) was the depth of water
clogged on the surface of the cell when flow rate was too
big to infiltrate into the inner. It was directly measured by
ruler.

Efficiency of peak flow reduction (P,..x) Was percentage
of peak flow reduction, calculated by Eq (6):

F, dis,peak

Poa = 1- (6)

Evu_tf peak
Rate of infiltrate (R;,z;, mm/h) was calculated by Eq (7)
under neglecting clogging rate in ponding layer:

Rinﬁl = Fsu;ff_Fdis (7)

2.3.3  Water quality data

Concentrations of total nitrogen (TN), total phosphorus
(TP) and chemical oxygen demand (COD) were monitored
in both the influent and effluent to determine the effects of
the BRU on concentrations and total loadings. Concentra-
tions of constituents were measured by the HACH
DR5000™ UV-Vis spectrophotometer (HACH, USA).
The methods were Persulfate Digestion LR for TN (HACH
Method 10208), PhosVer® 3 with acid persulfate digestion
for TP (HACH Method 8190)" and USEPA Reactor
digestion for COD (HACH Method 8000)%.

Data obtained from the analyses were used to determine
two kinds of the efficiency ratio of the BRU, which is
separately percentage of pollutant removal of the BRU
based on event mean concentrations (EMC) and one based
on event individual runoff volume (EIRV).

Efficiency ratio by concentration — The efficiency ratio
(ERysc) 1s defined in terms of the EMC of pollutants over
some time period by Eq (8):

average EMC of discharge
average EMC of surface runoff

ERyc =1- (®)

Efficiency ratio by volume — The efficiency ratio (ERy)
is defined in terms of the EIRV of pollutants over some
time period by Eq (9):

average EIRV of discharge

ERy, =1-
d average EIRV of surface runoff

)

3 Results and discussion

3.1 Hydrological performance

3.1.1 Hydrograph of discharge

The hydrographs of discharge, which were obtained from
both cells of the BRU, showed the typical shape, with the
peak lagged and shorter comparing with that of the inflow
runoff (Fig. 3). The lower the flow, the longer the lag

1) USEPA accepted for reporting wastewater analyses as equivalent to Standard Methods 4500 P-E.

2) USEPA accepted for wastewater analyses as equivalent to Method 5220D.
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except for the condition of medium flow for Turf grass. For
the three flow levels, the efficiency of peak reduction was
the highest for the medium flow, about 80%, for both cells.
As for vegetation type, Turf grass was more effective in
reducing peak flows, especially when inflow rate of was
low. Combination with depth of ponding, the difference
should be determined by the structure of the surface layer
[17,18].

The peaks were observed somewhat flattened. It was
shown that the hydraulic conditions were relatively stable
in the time. Saturation excess runoff appeared in BRU
when runoff was clogged in the ponding layer.

Among the three flow regime, the flow rate of discharge
was far bigger under the high flow than the other two.
Moreover, it was almost the same in the cells with Turf
grass and Buxus sinica except the condition of low flow
runoff. Under the low flow runoff, the infiltration water
moved more rapidly in the cell with shrub (Buxus sinica)
than grass (Turf grass), which is consistent with results
from other studies [19].

Table 2 Hydrological performance of the BRU

performance of a lab-scale bioretention unit

3.1.2 Reduction of runoff volume

In the events, reduced volume of runoff always started to
get the maximum when the highest flow rate phase ended
(Fig. 3). This is consistent with the phenomenon, which
flow rate of discharge always surpassed or held equivalent
to flow rate of surface runoff. It means that it was net
outflow process after runoff was at the peak.

In the medium flow events, a flattened peak was
observed. While the peaks were sharp in both high flow
and low flow events.

On the basis of water balance, the reduced runoff was
stored in the BRU. So the ability of reducing runoff
volume was determined by the inner structure of a BRU.
While reduced runoff volume also directly reflects the
existing situation of water in BRU.

BRU stored runoff mainly in the reservoir layer at the
bottom, pores of the filter layers (including mulch layer,
the plant soil layer and the filter layer mixed with soil and
sand) and the ponding area. So the ponding depth, which

Smux D,

. stjﬂmax stjf T lag,peak P rpeak ‘pond,max
Flow regime ) )
(mm/min) (Mm) (min) (%) (mm) (mm)

Turf grass

High 9.06 482 13 67 231 96

Medium 5.44 304 57 81 187 80

Low 4.08 228 29 67 138 15

Buxus sinica

High 9.06 506 18 62 265 111

Medium 5.44 301 19 78 181 82

Low 4.08 227 32 52 137 21
o @ ™
= g = = - 0 300 =
§ 10 _ o q0E § 18 r ) 300 & |0 ) E
= e 1 runofi 250 E B sl — runoff 250E © 8 — runoff 250 E
57 discharge | .. 8 5= 7L discharge | . & 5 7 discharge ©
=56 storage 200 g = E 6 storage 00 2 6 storage 200 &
gE>s 1502 g E 5¢ 1502 g E 3 150 £
E & ® EZal % g . k
EEY : wos £ E [ wos £ E 3 | 1005
=} L 08 £ 2 — 20 E 27 2 } s0 £
[ S P . 2 é— 0 Y F . 0 & E 0 s — L A
a 0:00 1:12 2:24 336 448 600 T:12 824 000 1:12 2:24 336 448 600 712 8:24 000 1:12 2:24 3:36 448 600 7:12 8:24

Elapse time from beginning of runoff (h:m) Elapse time from beginning of runoff (h:m) Elapse time from beginning of runoff (h:m)
3 (a) . (b) . ©)
o p 30z & 10p 300= 2 10 300 =
2 2 | runoft 250 g2 2r — runoff 50 E = g — runoff 250 E
2-~8 discharge - 5 = § i discharge e~ SN ? - - discharge 250 £
s 7 ischarge L scharge | 44 = scharg =
BEE6 storage 00 o £ S} storage | ~00 & s 6 storage ] 200
S8 S5 1508 2 E 5 150 2 E S 150 &
EE - wos 2 E 5[ wos 2 E 4 F 1005
S = 5 \- = B—2al e, = 5 | g
5 1 I o 0 B = I 50 E 1 | 50 B
P e . " 0 & g 0 _—) F — 0 2 o — — a
a 0:00 1:12 224 336 448 600 712 824 g 0:00 1:12 224 336 448 600 712 824 0:00 2:24 448 712
Elapse time from beginning of runoff (h:m) Elapse time from beginning of runoff (h:m) Elapse time from beginming of runoff (h:m)
(d) (e) )]
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visible, could partly explain the depth of storage. The
maximums appeared simultaneously in the events. How-
ever, their difference, which stood for the stored capacity,
wasn’t same under different flow regime even for the same
cell (Table 2). This can be explained by the saturated
condition or the initial moisture of the BRU. Because of
controlling the interval of rainfall, the difference of the
beginning had been avoided as far as possible. Combined
with the deep ponding depth, the situation of high flow rate
runoff was thought to stand for the saturated, this is to say,
the maximal depth of storage stood for the maximal stored
capacity of the BRU cell.

Under the high flow runoff, the maximum volume of
discharge stored in the BRU were 231 mm and 265 mm for
the Turf grass cell and the Buxus sinica cell, respectively.
Under the medium and low flow runoff, the storage or
reduction of discharge was almost the same for the two
cells.

3.1.3 Infiltration rate

Infiltration rate is influenced by many factors related to
media filter layer, such as porosity, size of media, surface
characteristics of media and so on. Among them, gas in the
media is one of the important factors [20,21]. On the basis
of the hydraulic analysis of BRU, the flow rate of discharge
equals to limit of infiltration rate when the cell was
saturated and the ponding depth kept stable. The experi-
ment result showed that it was matched when flow rate of
discharge kept at the peak under high flow regime. In the
cells with Turf grass and Buxus sinica, both were 206mm/
h, which is equivalent to what was measured in the field by
Belinda E. Hatt et al. [22].

Front. Environ. Sci. Eng. 2018, 12(1): 14

3.2 Pollutant removal performance

3.2.1 The removal process of TN, TP and COD
For all 18 events, it was clearly observed that TP and COD
were removed at high efficiency as Fig. 4 shows. In the
event of Fig. 4, the concentration of TP in the discharge
kept in relatively stable level, such as 0.2—-0.3 mg/L in the
condition that TP was about 1mg/L in the inflow runoff.
And the concentration of COD gradually increased with
more discharge. From the angle of load of TP and COD,
the removal effect was more pronounced. The removal
efficiency of total load was 86% for TP and 69% for COD
until the discharge stopped. The statistical information
about the efficiency of pollutant concentration and load are
shown in Table 3.

However, the removal efficiency of TN was not
apparent.

3.2.2 Influence of vegetation type

With respect to vegetation type, the TP and TN removal
efficiency of the cell with Turf grass was better than that
with Buxus sinica but it’s the same for removal of COD.
The retention time of runoff in the BRU cells was so short
that the plant uptake and microorganism degradation could
be negligible for one event. So the adsorption effect of the
soil and media was the key. COD, NH, " and PO,* in the
inflow are easy to be absorbed by soil and the media but
both NH;" and PO4* are also nutrition for plants. The
difference of the TP and TN removal efficiency between
the cells was most probably related with the extraction of
the plants, which Turf grass extracted nitrogen and
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Table 3 Efficiency Ratio of TN, TP and COD removal

Plant Turf grass Buxus sinica

calculation basis of ER Concentration Load Concentration Load

™ 25.154+27.58% 31.264+32.23% 14.134+31.64% 25.154+27.58%
TP 72.83+9.57% 76.324+8.34% 68.20+8.60% 72.284+7.49%
COD 58.89+16.71% 64.17+£14.56% 58.80+14.65% 64.08+12.77%

phosphorus faster than Buxus sinica during the intervals
between two events. It is to say that more adsorption ability
of the soil and media of the cell recovered with Turf grass
than Buxus sinica.

3.2.3 Influence of pollutant concentration in runoff

Pollutant concentration directly influenced the removal
efficiency of TP and COD, see Fig. 5. For TP, removal
efficiency increased with concentration rising because
concentration almost kept consistent. For COD, removal
efficiency of low concentration runoff was the highest but
one of high concentration wasn’t the lowest. This was
possibly related with accumulation of COD in the media
because the interval between two events was only 4-5 days
and the event was just after the high concentration event.

100% P

% 80% .
< E 60%
) E 40%
g 20%
E 0% 1 1 1 1 |
0 100 200 300 400 500
Time from beginning of runoff (min)
-o- Low-P -o- Medium-P - - High-P
~*— Low-COD —+ Medium-COD -+ High-COD

Fig. 5 Graph of efficiency ratio of TP and COD removal versus
time

3.2.4 Removal of pollutant in the reservoir layer

Comparing the concentration of the water in the reservoir
layer after 5 days with the discharge when an event (7urf
grass, high flow, and low level pollutant) just ended, TN,
TP and COD were removed in different extent. The
removal efficiency of TP was the lowest removed by 8%.
The one of TN was the highest 52%, which compensated
for the ineffectualness for the discharge during the event.
And COD was also removed 38%, which was effective for
5 days. These were explained well by bio-degradation [23—
25]. In the reservoir layer, oxygen wasn’t easy to get,
which resulted in the anoxic situation just fitted for the
denitrification.

3.3 A discussion on engineering implications of the BRU
test results

3.3.1 The key hydrological parameters

With respect to BRU performance on runoff control, the
three key parameters generally considered are: 1) the
extent to which the BRU reduced the peak discharge, 2) the
delay in the timing of peak discharge, and 3) the extent to
which the BRU reduced the total volume discharged.
However, from a drainage engineering perspective, the
following parameters are also of interest: 1) the largest flow
of runoff which the BRU can treat on a continuous basis
over a long period of time, i.e. the safe limit of the flow of
runoff, 2) the deepest depth of storage which the BRU can
hold, i.e. the limit of storage, 3) the longest time of duration
when flow rate surpass the limit runoff; i.e. the safe limit of
time of duration. The equations below can be used to
calculate the quantities described above:

Safe limit of flow of runoff = Inflitration rate (10)
Limit of storage = maximum of runoff reauction (11)

Safe limit of flow of duration

Limit of storage

B flow rate of surface runoff-Infiliration rate
(12)

The practical implications of these parameters are: 1) the
“safe” limit of flow that can pass through the BRU is its
infiltration rate, which should include vertical as well as
side infiltration while the media is at saturation. This
information would be useful in estimating the real ability
of BRU to treat runoff and also for the continuous,
dynamic simulation and perhaps design of the BRU; 2) the
limit of storage allows the estimation of the capacity of a
BRU in storing runoff volume, which would depend on the
size, media and the ponding depth allowed for the unit, and
3) the time limit provides an estimate of the time period
before a BRU’s ability to contain the runoff is exceeded
and bypass is then necessary. Based on the experimental
results, for the BRU tested as shown in Fig. 2, for the Turf
grass cell, the parameters were calculated as 206 mm/h,
231 mm and 41 min respectively when the inflow rate was
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544 mm/h. For the Buxus sinica, the three were 206 mm/h,
265mm and 47min, respectively for the high flow rate of
544 mm/h.

3.3.2 The key parameters for pollutant removal

Although pollutant removal is not yet the focal point as
opposed to hydrological performance for the current
sponge city construction projects in China [26], it is still
of great importance under the background of serious water
pollution problems. Regarding pollutant removal perfor-
mance, the key parameters are: 1) removal ability of
pollutant load of the filter layer during one single event, 2)
detention ability of pollutant in the reservoir layer, and 3)
self-purification ability of the BRU after rainfall event,
including plant intake and degradation of the filter layer
and the reservoir layer. Through the events, it was shown
that removal of TP and COD was remarkable. But capacity
of pollutant removal was restricted by its self-purification.
More related work is needed. If the self-purification is
enough, concentration of TP of the discharge can keep 0.2—
0.5 mg/L when TP of runoff is under 0.7-1.3 mg/L and
efficiency of concentration of COD is above 20% when
COD is under 350 mg/L when flow of runoff is under 544
mm/h and time of duration is under 40min. For choice of
plant, Turf grass and Buxus sinica are worthy recommend-
ing.

4 Conclusions

By the 18 events in two cells of the bio-retention unit with
three flow regime and three level concentration of TN, TP
and COD, the conclusions that were made as follows:

From the angle of hydrological performance and pollutant
removal performance,

(1) Peak of discharge was significantly delayed at least
13 minutes and the delay increases as the runoff flow
increases. The peak flow was reduced at least 61%,

(2) For a runoff depth of 1220 mm, the maximum
amounts of storage were, respectively, 231 mm for Turf
grass and 265 mm for Buxus sinica. For both the largest
rate of discharge were 206 mm/h,

(3) Removal of TP and COD was fair to good. TP in the
discharge was relatively stable and under 0.2-0.5 mg/L.
The efficiency of COD removal was always above 20%.

From the angle of engineering application of BRU,

(1) The safe limit of flow of runoff was 206 mm/h for
both of Turf grass and Buxus sinica,

(2) The limit of storage was 231 mm for Turf grass and
265 mm for Buxus sinica,

(3) The safe limit of time of duration was respectively 41
min and 47 min for Turf grass and Buxus sinica under the
high inflow rate of 544 mm/h,

(4) TP in discharge was kept between 0.2—0.5mg/L and

the efficiency of removal of COD was higher than 20%
when TP was 0.7-1.3 mg/L and COD 150-350mg/L in the
surface runoff.

(5) TN and COD can be effectively removed, a reservoir
layer of certain depth would enhance the removal of
pollutant, especially for TN and COD.
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